the cytoplasmic mRNP complexes would finally be asthat cytoplasmic hrp36 is located in polysomes, which suggests that hrp36 is a component of mRNP comsembled on the mRNA, and the shuttling hnRNP proteins could rapidly return to the nucleus.
plexes engaged in translation. The Balbiani ring (BR) system of Chironomus (reviewed by Mehlin and Daneholt, 1993; Wieslander, 1994) Results offers unique possibilities for direct studies of the behavior of hnRNP proteins in relation to nucleocytoplasmic Isolation and Sequencing of cDNA Clones transport. In Chironomus tentans, two puffs of excepEncoding Hrp36 tional size, BR1 and BR2, can be easily identified in the
In the present work, we used MAb 4F9 to screen a polytene chromosomes of larval salivary glands. The randomly primed gt11 cDNA library from salivary 75S transcripts (35-40 kb long) synthesized in BR1 and glands of C. tentans. Several 4F9-specific cDNA clones BR2 are packed into pre-mRNP complexes, the sowere isolated and sequenced. Sequence analysis of the called BR particles. BR particles are the largest precDNA clone hrp36.1 (EMBL database accession number mRNP complexes in the nucleoplasm of the salivary Z50856) showed that this clone contains a short 5Ј nongland cells, where they are present at high concentration translating sequence, followed by an open reading (Daneholt, 1982) . Because of their extraordinary size, BR frame (ORF) of 891 nt capable of encoding a protein of particles can be unambiguously identified in the electron 297 amino acid residues and a 3Ј nontranslating region. microscope (EM), and their assembly, transport, and
There are three in-frame initiation codons located within disassembly can be directly visualized (Skoglund et al., 27 and 60 bases of each other. The first and the third 1983; . Nascent BR RNA molecules have only one mismatch from the initiation site consenrapidly bind proteins to form growing RNP fibers, which sus for eukaryotic RNAs (Kozak, 1986) , and either can can be observed along the active BR genes. In the proxiprobably serve as a translation initiation site. The first, mal part of the BR genes, the nascent BR particles 5Ј-most AUG is preceded by three in-frame termination are observed as RNP fibers of increasing length. As codons and is designated here as the translation initiatranscription progresses, the distal (5Ј) end of the fibers tion site for the deduced hrp36 protein sequence. becomes packed into a dense globular structure of in-
The protein encoded by hrp36.1 has a predicted mocreasing diameter (Skoglund et al., 1983) . After tranlecular mass of 32 kDa, which is somewhat lower than scription termination, mature BR particles are released the 36 kDa deduced from SDS-polyacrylamide gel elecfrom the chromosome and can be observed in the nutrophoresis (SDS-PAGE) mobility studies (Wurtz et al. , clear sap as granules of about 50 nm (Skoglund et al., 1996) , and contains several putative phosphorylation 1986). The BR particles are transported to the nuclear and glycosylation sites. envelope, where they become rod shaped upon translocation through the nuclear pores .
Hrp36 Is Similar to Other hnRNP Proteins Considering the possible involvement of hnRNP proSearches of the EMBL nucleotide sequence database teins in many different aspects of mRNA metabolism, it (Rice et al., 1993) and the SwissProt protein sequence is of interest to determine during which steps of predatabase (Bairoch and Boeckmann, 1993) revealed semRNA maturation or transport (or both) the individual quence similarity of hrp36 to other hnRNP proteins, such hnRNP proteins interact with the pre-mRNP or mRNP as the human hnRNP A/B and the Dm-hrp40 protein complexes (or both). In a recent report by Wurtz et al. ( Figure 1A ). The highest similarity score was obtained (1996) , some of the protein components of the BR partiwith Dm-hrp40, the amino acid sequence of which has cles have been identified following an immunological about 60% identity and 75% similarity to the ORF of the approach. The availability of immunospecific probes hrp36.1 clone. Comparison of hrp36 with human hnRNP now permits the characterization of individual hnRNP A1 gave identity and similarity values of 40% and 64%, proteins in a well-defined system. In the present study, respectively. we have investigated the nucleocytoplasmic trafficking
The human hnRNP A/B and Dm-hrp40 proteins belong of one of the major hnRNP proteins in C. tentans, Ctto the 2ϫRBD-Gly group of hnRNP proteins, i.e., they hrp36 (simply designated hrp36 hereafter). The monocontain two RNA-binding domains, RBD1 and RBD2, clonal antibody (MAb) 4F9 against hrp36 binds to multieach with two most highly conserved regions, RNP-1 ple loci in the polytene chromosomes of the larval and RNP-2, and an auxiliary glycine-rich domain (Bandsalivary glands, including the BR puffs (Wurtz et al., ziulis et al., 1989) . Sequence analysis of hrp36 revealed 1996). Here we have used MAb 4F9 for cloning and the same modular structure (Figure 1 ). In addition, the sequencing studies and found that hrp36 is related to RBD1 domain of hrp36 is preceded by a short region with other known hnRNP proteins, such as human hnRNP similarity to its C-terminal glycine-rich auxiliary domain A/B and Drosophila hrp40 (Dm-hrp40). We have also ( Figure 1B ). An analogous short N-terminal region with determined the intracellular distribution of hrp36 and similarity to the C-terminus is also present in Dm-hrp40 analyzed its presence in BR particles at different stages (data not shown), but it seems to be absent in hnRNP of maturation and transport by immunoelectron micro-A1 ( Figure 1B ). scopy (IEM). Our results provide direct evidence that
In the case of hnRNP A1, an intracellular localization hrp36 is incorporated into nascent pre-mRNP comdeterminant that is necessary and sufficient to target plexes and is subsequently transported through the nuthe protein into the nucleus has recently been identified clear pore to the cytoplasm as a complex with mRNA.
in the glycine-rich domain of the protein (Weighardt et Moreover, we have found that most of the hrp36 protein resides in the cytoplasm. Surprisingly, our data reveal al., 1995; Siomi and Dreyfuss, 1995 similar sequence can be identified in the glycine-rich C. tentans cells was identical to the one reported above domain of hrp36 (from amino acids 272-288). Functional for salivary gland cells (data not shown). studies will be needed to test the significance of this
We followed an alternative experimental approach to sequence in hrp36.
confirm the intracellular distribution of hrp36. Taking advantage of the unusual size of the salivary gland cells, it was possible to isolate nuclei and cytoplasms by miIntracellular Distribution of Hrp36 crodissection. The presence of hrp36 in the isolated The intracellular localization of hrp36 in the salivary fractions could then be analyzed by SDS-PAGE and gland cells of C. tentans was first analyzed at the light Western blotting using MAb 4F9. This method, based microscopic level. Indirect immunocytochemistry was on the use of fixed salivary glands, minimized crossperformed on semi-thin cryosections of salivary glands contamination artifacts and provided pure nuclear and using MAb 4F9 and a gold-conjugated secondary anticytoplasmic fractions. As illustrated in Figure 3A , two body. The immunolabeling was visualized after silver different strategies were devised for microisolation of enhancement. As shown in Figures 2A and 2B , the nucell compartments. In the first, termed dissection 1, pure cleus of the secretory cells was intensely stained. The cytoplasm was obtained. The whole nucleus was dislabeling was especially strong on the BR puffs ( Figure  sected out of the cell with some cytoplasmic remnants; 2B), although other chromosome loci, probably small if the nucleus was broken during dissection, the cell puffs, were positive as well. The nucleoplasm was also was discarded. In the second strategy, dissection 2, the stained, but the nucleoli were devoid of labeling. Labeldissection was performed following the inner side of ing in the cytoplasm was fainter than in the nucleus, but the nuclear envelope, and a pure nuclear fraction was it was significant as compared with negative controls obtained. However, in this case some nuclear material (compare Figures 2B and 2C) . remained attached to the cytoplasm. After microdissecThe intracellular distribution reported above is not tion, the cellular fractions were processed for gel elecexclusive of the salivary gland cells. The pattern of nucleocytoplasmic staining in cryosections of cultured trophoresis and Western blotting. In agreement with the In each case, nucleus and cytoplasm were dissected from 30 fixed cells.
immunoblots of microdissected fractions. Serially diluted total crude extracts were processed in parallel and used as a standard for quantitative purposes ( Figure  3B , lanes 1-5). As shown in Figure 3C , the density of labeling in the blots was directly proportional to the attached to the nuclear fraction. However, the faint cytoScale bars are 40 m.
plasmic staining obtained in the immunocytochemical assays ( Figure 2 ) suggested that the concentration of immunocytochemical results reported above, both nuhrp36 in the cytoplasm is rather low, and, therefore, clear and cytoplasmic fractions were 4F9 positive (lanes we do not think that this contamination of the nuclear C and N in Figure 3B ). Unexpectedly, labeling appeared sample could have a significant impact on the final reto be much stronger in the cytoplasmic fraction than in sult. Instead, the 96% value obtained for the cytoplasmic the nucleus of the salivary gland cells. compartment when cells were processed according to dissection 2 is likely to be heavily overestimated. Owing Hrp36 Is an Abundant Cytoplasmic Protein to the high concentration of hrp36 in the nucleus, the The relative amount of hrp36 in nucleus and cytoplasm nuclear fragments that remained attached to the cytoplasm could constitute a considerable loss of material was estimated by two-dimensional densitometry using (A) Sequence of photographs illustrating the two dissection methods used for the isolation of nucleus (NUC) and cytoplasm (CYT). The microdissection is initiated at the cell surface and progresses to the nuclear envelope. Once the nucleus has been reached, two alternative dissection strategies can be followed. In dissection 1 (DIS-1), the cell is dissected along the outer side of the nuclear envelope. In dissection 2 (DIS-2), the nuclear material is extracted following the inner side of the nuclear envelope (see text for a more detailed description). Scale bar is 40 m. from the nuclear fraction, thus yielding an overestimated 4I and 4J), whereas other organelles, such as mitochondria or Golgi, were devoid of labeling. value for the cytoplasm. In summary, it seems reasonable to assume that the estimates from dissection 1 are
The labeling on cryosections was highly specific, as judged from the absence of gold markers in sections closer to actual values, i.e., 10%-15% of hrp36 resides in the cell nucleus and 85%-90% in the cytoplasm.
processed in parallel as negative controls (data not shown).
Hrp36 Binds Nascent BR Particles Hrp36 Is Associated with Cytoplasmic on the Chromosome mRNP Complexes Engaged in Translation
The presence of hrp36 in BR particles was analyzed by
The preferential localization of gold markers on rough IEM on thin cryosections of fixed salivary glands. In endoplasmic reticulum strongly suggested that at least spite of the mild fixation required for immunochemical some of the cytoplasmic hrp36 molecules resided in purposes, the general morphology of the salivary gland RNP complexes engaged in translation. To analyze this cells in cryosections ( Figure 4A ) was not essentially difpossibility further, we fractionated cytoplasmic extracts ferent from that observed in plastic sections following from cultured C. tentans cells by ultracentrifugation in conventional techniques. The BRs, containing large sucrose gradient and analyzed the various fractions by transcription loops decorated by numerous growing SDS-PAGE and Western blotting. RNP particles, could be easily identified. After optimiza-
The profile of typical sucrose gradients is presented tion of the relevant parameters (fixation conditions, cryoin Figure 5 (left). Polysomes are broadly distributed in protection, and polyvinyl alcohol embedding), the the bottom part of the gradient. The polysomal nature cryoultramicrotomy technique provided a sufficient deof this rapidly sedimenting material was confirmed by gree of morphological and antigenic preservation so its sensitivity to EDTA: when the cytoplasmic extracts that BR particles at different stages of maturation and were treated with 20 mM EDTA, which is known to dissonucleocytoplasmic transport could be visualized after ciate polysomes, the radioactivity was shifted from the immunogold labeling.
polysome region toward the top of the gradient ( Figure  As expected from previous data, numerous gold parti-5, right). cles were observed in the BRs ( Figure 4B ). ImmunolabeAfter sucrose gradient sedimentation, the fractions ling was often associated with nascent fibrillar material, were analyzed by SDS-PAGE and Western blotting. and in some cases the globular portions of the growing When preliminary experiments were carried out in the BR particles were labeled as well (see arrow in Figure absence of any cross-linking treatment, hrp36 was col-4B). Mature BR particles in the nucleoplasm were also lected at the top of the gradient and was not detectable found to be labeled ( Figures 4C and 4D ). These globular in the polysome region of the gradient (data not shown). particles are known to be mature BR RNP complexes However, when cells were submitted to in vivo ultraviolet released from the chromosome and probably in transit (UV) cross-linking, a band of the expected size was from the site of synthesis to the nuclear envelope. It obtained in the Western blots of polysome fractions should be noted, however, that not all BR particles in a (Figure 5, left) . To verify the polysomal nature of the 4F9 given section were found to be labeled. Although we immunoreactive material, we included two controls in cannot exclude the possibility that the absence of labelthe experiment that indicated that the presence of hrp36 ing in some particles is due to the existence of different in the polysome fractions was dependent on the stability subpopulations of BR particles, we favor the alternative of polysomes. First, hrp36 could no longer be detected that the reduction of immunoreactivity is caused by the in the polysome region of the gradient when EDTA was fixation treatment, which is mandatory for proper moradded to the cytoplasmic extract before ultracentrifugaphological preservation.
tion (Figure 5, right) . Second, we found that the band at 36 kDa in the immunoblots of polysome fractions was also sensitive to digestion of the extract with RNase Hrp36 Is Exported to the Cytoplasm as a Complex with BR RNA before ultracentrifugation (data not shown). Thus, the cross-linking experiments demonstrated that hrp36 is By using IEM we could analyze the presence of hrp36 in BR particles in transit through the nuclear pores. As associated with polysomes but, owing to the low efficiency of the cross-linking, the experiments only proillustrated in Figures 4E-4G , translocating BR particles were also labeled by the anti-hrp36 antibody. Remarkvided a minimum value of polysome-bound hrp36. The experiments described above demonstrated the ably, gold markers were not only associated with the nuclear portion of the particle in transit, but labeling was existence of 4F9 immunoreactive material in polysomes of C. tentans cells. It is not likely that this result could often observed all along the extended RNP fibers.
Significant labeling was also found in the cytoplasm be due to nascent hrp36 polypeptide. Indeed, nascent polypeptide chains would probably generate a more of the salivary gland cells ( Figure 4H ). BR particles cannot be identified in the cytoplasm because they remain diffuse signal than the discrete band observed in the Western blots. Nevertheless, to rule out this possibility unfolded after translocation through the nuclear pores. Therefore, we could not determine in situ whether the completely, we used IEM to analyze the presence of hrp36 in giant translation units isolated from C. tentans gold markers in the cytoplasm were associated with RNP complexes or with free hrp36. It is worth mensalivary glands ( Figure 6 ). The giant polysomes of the salivary gland cells are known to contain BR mRNA and tioning, however, that cytoplasmic labeling was often associated with rough endoplasmic reticulum (Figures have been previously characterized at the EM level as giant translation units containing an average of 79 riboby gentle pipeting, and the cell contents were spread on EM grids as described in Experimental Procedures. somes (Daneholt et al., 1977; Francke et al., 1982; Kiseleva, 1989 ). For IEM, the salivary glands were disrupted
The immunolabeling was then carried out on the spread A cytoplasmic extract was prepared and split into two equal portions. One of them was directly loaded onto a sucrose gradient (nontreated extract). The other was supplemented with EDTA to disrupt polysomes before the centrifugation (EDTA-treated extract). The gradients were fractionated, and aliquots from selected fractions were used for radioactivity measurements. The profiles of the two gradients are shown in the top part of the figure. The rest of Figure 6 . Localization of Hrp36 in Surface-Spread Giant Polysomes the material in the fractions was precipitated and used for Western using IEM blot analysis using MAb 4F9 (bottom). The numbers on top of each (A-C) Three examples of giant salivary gland polysomes immunolalane indicate fraction numbers in the two gradients (note that the beled with MAb 4F9 as described in Experimental Procedures. fractions were pooled in groups of three). m, monosomes; p, poly-(D) No significant labeling is observed in negative controls. somes.
Size of gold markers is 10 nm. Scale bar is 250 nm. material using MAb 4F9. Owing to the mild fixation conditions required to preserve 4F9 immunoreactivity, the stay in the RNP complex during nucleocytoplasmic morphology obtained was poorer than that achieved in transport, and remain in the mRNP complex after asprevious structural studies (e.g., Kiseleva, 1989) . Moresembly of the polyribosome on the mRNA. Potentially, over, in our polysome preparations the nascent chains these ubiquitous proteins can play multiple roles in the are not visible, because the specimens were not shaddifferent cell compartments, and they can couple toowed but stained with uranyl acetate to visualize better gether different steps of pre-mRNA metabolism. Hrp36 the immunogold markers. In spite of these technical is one such ubiquitous protein, but we suggest that other limitations, the giant polysomes could be unambiguproteins do exist with similar properties. The analysis of ously identified under the EM and were found to be the primary sequence of hrp36 reveals that this protein significantly labeled. Some examples of the results obhas a bipartite structure with two RNA-binding domains tained are shown in Figures 6A-6C . No preferential labelin the N-terminal half of the molecule and a C-terminal ing of particular segments along the RNP axis was dehalf rich in glycine residues. Many other hnRNP proteins tected. Instead, the gold markers appeared to be evenly in both vertebrate and invertebrate organisms show the distributed along the polysomes. Samples processed same type of modular organization (for reviews see Biaas negative controls were not significantly labeled (Figmonti and Riva, 1994; Burd and Dreyfuss, 1994) , and ure 6D). they all share some degree of similarity with hrp36, In summary, the results from three different experihnRNP A1 being the closest human protein found in the mental approaches (IEM on cryosections, Western blot databases. analysis of polysomal fractions, and IEM on isolated polysomes) show that at least a fraction of the cytoIntracellular Location of Hrp36 plasmic hrp36 resides in polysomal mRNP complexes.
Until recently it was widely accepted that hnRNP proteins were restricted to the cell nucleus (reviewed by Discussion Piñ ol- , but an increasing number of reports have provided evidence for the cytoOur results point to the existence of RNA-binding proteins that bind nascent pre-mRNA during transcription, plasmic location of some pre-mRNA-binding proteins in many organisms, e.g., Pub1 in Saccharomyces cereviscytoplasm as a complex with RNA. This possibility was previously proposed by Piñ ol-Roma and Dreyfuss (1992, iae (Anderson et al., 1993) , the helix-destabilizing protein HD40 in the brine shrimp Artemia salina (Thomas et al., 1993) , who suggested that shuttling hnRNP proteins might remain bound to mRNA and be transported to the 1983), and hrp40 in D. melanogaster (Matunis et al., 1994) . In addition, the shuttling hnRNP proteins in HeLa cytoplasm as mRNA-hnRNP complexes. In this respect, hrp36 follows the behavior proposed for shuttling cells seem to be transiently located in the cytoplasm (Piñ ol- Roma and Dreyfuss, 1992) .
hnRNP proteins. It is worth mentioning that in cultured C. tentans cells, nuclear hrp36 is redistributed to the We have analyzed the intracellular location of hrp36, and our experiments show that this protein is not recytoplasm after experimental inhibition of RNA synthesis and can be imported into the nucleus again if transtricted to the cell nucleus, but can also be detected in the cytoplasm. We are quite confident about this result scription is restored (N. V. and B. D., unpublished data). Taken together, these findings reveal that the intracellubecause different experimental approaches (immunostaining for light microscopy, IEM, and immunoblot anallar trafficking of hrp36 in C. tentans is very similar to the trafficking of shuttling hnRNP proteins in vertebrate ysis of microisolated cell fractions) have led to the same conclusion. It is obvious from the pattern of immunocells. staining observed at the light microscopic level that the nucleus is more intensely stained than the cytoplasm, The Hrp36 Protein in Polysomes which suggests that the concentration of hrp36 is higher
The most unexpected finding in our study concerns the in the nucleus of the cells. However, we have demoncytoplasmic location of hrp36. We have shown not only strated through quantitative Western blot analysis that that hrp36 is exported to the cytoplasm in association the bulk of hrp36 (85%) is located in the cytoplasm.
with the mRNA, but also that it appears to remain in the These results can be easily understood considering that RNP complex after assembly of the polyribosome on in the salivary gland cells, as in many other cell types, the mRNA. Several lines of evidence support this concluthe nuclear volume represents only a small fraction of sion. First, the distribution of immunogold labeling in the total cell volume.
cryosections of salivary glands reveals that cytoplasmic The examples mentioned above show that the cytohrp36 is preferentially associated with rough endoplasplasmic location of pre-mRNA-binding proteins is not a mic reticulum. Second, hrp36 can be cross-linked to rare event. Moreover, by semi-quantitative immunoblot polysomes in vivo by UV irradiation. Third, hrp36 can analysis we have shown that at least one of the hnRNP be directly visualized by IEM in surface-spread giant proteins, hrp36, is in fact an abundant cytoplasmic polysomes from salivary gland cells, which rules out protein.
the possibility that the hrp36 molecules detected on polysomes could be nascent hrp36 polypeptides. The observation that hrp36 is mainly associated with Assembly and Nucleocytoplasmic Transport of BR Pre-mRNP Particles the endoplasmic reticulum could simply reflect the distribution of the polysomes in the salivary gland cells, as We have used IEM to analyze the presence of hrp36 in pre-mRNP particles in different cell compartments, the synthesis of secretory proteins constitutes more that 80% of the total protein synthesis (Doyle and Laufer, implying that different stages of synthesis and processing can be investigated. Following this approach, 1969). However, it remains to be demonstrated directly whether not only membrane-bound but also free polywe have shown that hrp36 can be recorded at the sites of BR RNA synthesis. Also, we have detected hrp36 somes harbor hrp36. The hrp36 protein is distributed along the entire BR in mature BR particles located in the nucleoplasm, which indicates that hrp36 remains in the RNP complex mRNA molecule in the polysomes, implying that it is associated with the long coding region of the BR mRNA after transcription termination. These findings are in agreement with a previous report (Wurtz et al., 1996) (more than 30 kb) and perhaps also with the 5Ј and 3Ј untranslated regions. Its distribution in polysomes about the presence of hrp36 in the basic structural constituent (7 nm fiber) of the BR particles (Lö nnroth et would then be analogous to that in the nuclear BR premRNP particle (E. K. and B. D., unpublished data), sugal., 1992). Our observations from in situ studies further strengthen the conclusions obtained by Wurtz et al. gesting that most, and perhaps all, hrp36 remains associated with BR RNA when the RNA passes through the (1996) that hrp36 is one of the major protein components of the BR particles.
nuclear pore and enters polysomes. This view is supported by the fact that the distribution of hrp36 between EM tomography studies on the nucleocytoplasmic transport of BR particles demonstrated that the BR nucleus and cytoplasm (85%-90% in the cytoplasm) roughly parallels that of BR RNA sequences (95% in RNAs are exported to the cytoplasm in the form of an RNP complex . From this observation the cytoplasm; Edströ m et al., 1978) , by far the most abundant mRNA species in the salivary gland cells (Case it follows that some of the proteins that bind BR RNA in the nucleus do remain associated with the exported and Daneholt, 1978) . We have demonstrated that hrp36 is associated with, mRNA. We have now detected the presence of hrp36 in BR particles in transit through the nuclear pores, and but not firmly bound to, the polysomes. The hrp36 protein could be detected by IEM on giant polysomes rethus we have identified one of the protein components of the translocating BR RNP complexes. This finding leased by mild procedures (gentle and rapid lysis of the cells in low salt buffer). However, UV cross-linking in constitutes direct evidence that some pre-mRNA-binding proteins, in this case hrp36, can be exported to the vivo was needed to detect the presence of hrp36 in polysomes prepared according to harsher methods (exthe primary packing of the pre-mRNA in the nucleus. An example of a close coupling between transcription traction in the presence of detergents, followed by ultracentrifugation through sucrose gradients). It has been and translational regulation mediated by an mRNA-binding protein (FRGY2) has been described in Xenopus demonstrated previously that there are many proteins loosely associated with the polysomes, such as translaoocytes (Bouvet and Wolffe, 1994) . Further study will be needed to determine whether the cotranscriptional tion elongation factors, and that they seem to be in a dynamic equilibrium with free cytoplasmic proteins packing of BR pre-mRNA with hrp36 could influence, stimulate, or repress the subsequent translation of the (Greenberg, 1981; Minikh and Ovchinnikov, 1985) . Owing to the relatively low affinity of these proteins for the message in the cytoplasm. mRNA, their concentration would be locally increased
Experimental Procedures
around the polysomes, but they would not form stable complexes, which would probably interfere with protein Culturing Conditions synthesis (for discussion see Spirin and Ajtkhozhin, C. tentans was cultured as described by Lezzi et al. (1981) . Salivary 1985).
glands were isolated from fourth instar larvae. C. tentans tissue We conclude that hrp36 accompanies BR mRNA into culture cells were cultivated at 24ЊC as previously described (Wyss, polysomes and that it remains associated with the cod-1982).
ing part of the message, perhaps the entire mRNA moleSolutions cule. It is loosely bound to the polysomes, which could Solutions used are as follows: phosphate-buffered saline (PBS), 137 enable it to function during ongoing translation. mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 2 mM NaH2PO4 (pH 7.2); PBSG, PBS containing 100 mM glycine; TKM buffer, 100 mM KCl, 1 mM MgCl 2, 10 mM triethanolamine-HCl (pH 7.0); polysome extraction Functional Consequences of the Packing buffer (PEB), TKM containing 0.5% Tween 80, 0.5% Na-deoxychoof BR Pre-mRNA with Hrp36 late, 0.5% ␤-mercaptoethanol, 250 g/ml tRNA, and 50 g/ml PMSF.
Being an abudant hnRNP, hrp36 is likely to be involved in packing BR pre-mRNA into the ubiquitous elementary Antibodies Mouse MAb 4F9 against hrp36 was obtained and characterized by RNP fiber (e.g., Beyer and Osheim, 1990 ; Lö nnroth et Wurtz et al. (1996) . The antibody was affinity purified using Staphyloal., 1992; Dreyfuss et al., 1993) . It is now well established coccus protein G according to standard protocols, and the purified that hnRNP proteins show sequence preference in their antibody was stored at approximately 2 mg/ml. A mouse anti-human interactions with pre-mRNA , and von Willebrand factor MAb (DAKO), which does not cross-react with in vivo a given pre-mRNP complex seems to contain a C. tentans proteins, served as negative control. Alkaline phosphacharacteristic subset of hnRNP proteins (Matunis et al., tase-conjugated antibodies against mouse immunoglobulins (DAKO or Promega) were used for Western blotting and library screenings, 1993; Wurtz et al., 1996) and most likely also attains a and peroxidase-conjugated antibodies against mouse immunoglobspecific three-dimensional structure (compare with the ulins (DAKO) were used for ECL Western blotting (Amersham). Goldwell-defined, higher order structure of BR particles; conjugated antibodies against mouse immunoglobulins (5 or 10 nm Skoglund et al., 1986) . It is therefore likely that the gold; Amersham) were used for immunocytochemistry.
hnRNP proteins are important for the future fate of the particle. The hrp36 protein is similar to the mammalian Isolation of cDNA Clones Affinity-purified MAb 4F9 was diluted 1:1000 to screen a randomly hnRNP A1, and functions that have been proposed for primed gt11 cDNA library from salivary glands of C. tentans with A1 should also be considered for hrp36. The A1 protein ProtoBlot Immunoscreening System (Promega) according to the has been shown to be involved in splice-site selection instructions of the manufacturer. Purified positive plaques were both in vitro and in vivo (Mayeda and Krainer, 1992;  used directly as a source of template DNA for PCR amplification Cá ceres et al., 1994) . Furthermore, it has been shown (GeneAmp PCR core reagents were obtained from Perkin Elmer to be a shuttling protein and is, therefore, also a candiCetus).
date for promoting transport of mRNA from the nucleus regions (reviewed by Spirin and Ajtkhozhin, 1985 ; Drey- (Devereux et al., 1984) and EGCG extensions to the Wisconsin Pack- fuss, 1986; McCarthy and Kollmus, 1995; St Johnston, age Sequence Analysis program (P. Rice, The Sanger Centre, Cam-1995) . The hrp36 protein, however, is present along the bridge, England).
coding region of the BR RNA and perhaps along the entire molecule, which rather suggests that it has a more complex during processing and transport suggests that and mounted on glass slides. The sections were incubated at room temperature in the following solutions: PBSG for 5 min, 2% bovine the cytoplasmic role of hrp36 could be dependent on serum albumin (BSA) in PBSG for 20 min, first antibody (either nondialthough some nuclear material remained attached to the cytoplasmic fraction, resulting in nuclear contamination of the cytoluted 4F9 hybridoma supernatant or 20 g/ml anti-von Willebrand factor antibody) for 1 hr, PBSG three times for 5 min each, goldplasm. Dissected nuclei and cytoplasms from 30 cells were used for each experiment. Isolated nuclear and cytoplasmic fractions conjugated second antibody for 1 hr, and PBSG three times for 5 min each. Antibody solutions were prepared in 0.5% BSA in PBSG.
were kept at Ϫ20ЊC until use. The slides were rinsed with water and silver enhanced with IntenSETMM (Amersham). The sections were finally dehydrated and Gel Electrophoresis and Western Blotting mounted in Entellan (Merck).
Electrophoresis of proteins in SDS-polyacrylamide gels was carried out using the Bio-Rad minigel system. Proteins were electrophoresed in 10% polyacrylamide gels and blotted to transfer memImmunocytochemistry on Ultrathin Cryosections branes (Immobilon PVDF; Millipore) using a Trans-Blot semi-dry IEM was performed essentially according to the procedure deelectrophoretic transfer cell (Bio-Rad). Membranes were blocked in scribed by Tokuyasu (1980) . The specimens were prepared as de-PBS containing 5% BSA (Sigma) and 5% fish skin gelatin (Sigma) scribed above for light microscopy, except that a fresh solution of and then incubated with the first antibody solution (supernatant 4% formaldehyde and 0.1% glutaraldehyde in 0.1 M cacodylate from hybridoma culture diluted 1:100 in PBS containing 0.5% BSA buffer (pH 7.2) was used as a fixative. Fixation was performed for and 0.05% Tween 20) for 2 hr at room temperature. After rinses 20-25 min. Ultrathin cryosections were picked up on drops of 2.3 in PBS containing 0.05% Tween 20 (three times for 5 min), the M sucrose and deposited on nickel grids coated with formvar and membranes were incubated with the secondary antibody (1:2000 carbon. The sections were incubated at room temperature in the dilution) for 2 hr at room temperature. Alkaline phosphatase activity following solutions: PBSG for at least 30 min, 10% newborn calf was developed using the NBT/BCIP system (Promega). Two-dimenserum in PBS for 20 min, first antibody (either nondiluted 4F9 hybridsional densitometry of Western blots was performed using a Phooma supernatant or 20 g/ml anti-von Willebrand factor antibody) toscan system P-1000 (Optronics International) connected to a DEC for 1 hr, PBSG four times for 2 min, gold-conjugated secondary 3000/400 AXP computer. The blots were analyzed using the Pixie antibody (diluted 1:50 in 5% serum in PBSG) for 1 hr, and PBSG program (developed by the Electron Microscope Tomography four times for 2 min. The sections were washed in distilled water, Group at our department) in a Silicon Graphics Crimson computer. stained with 2% aqueous uranyl acetate for 5-7 min, rinsed with Serial dilutions of salivary gland crude extracts were used as standistilled water, and embedded in polyvinyl alcohol. For this latter dards for relative quantitation of hrp36 in microdissected fractions. purpose, the grids were floated on a drop of 4% polyvinyl alcohol Measurements of standards demonstrated that there was a linear (9-10 kDa; Aldrich) containing 0.4% uranyl acetate for at least 5 min relationship between the density of labeling and the amount of 4F9 and picked up with a loop. The excess liquid was blotted onto a filter immunoreactive material in each sample (see Figure 3C ). paper, and the grids were air dried. The specimens were examined in a Jeol 100 CX microscope at 80 kV.
UV Irradiation of Cultured Cells
UV irradiation was performed as previously described (Piñ ol-Roma Immunocytochemistry on Spread Polysomes et al., 1989) using a UV Stratalinker 1800 (Stratagene) equiped with For the analysis of the distribution of hrp36 along polysomes, the two 8 W germicidal lamps (G8T5). For irradiation, 5 ml of C. tentans Miller's spreading technique was used (Miller and Bakken, 1972) .
cell culture was placed 7 cm away from the lamps in a petri dish (5 Dissected salivary glands were placed for 30 s in 2% NP-40 (Sigma) cm φ) on ice. The UV dose was approximately 3 ϫ 10 4 erg/mm 2 . in TKM, washed with 0.1 mM borate buffer (pH 8.5, three times for 30 s), and subsequently transferred to 0.1 mM borate buffer containing 0.05% Joy detergent (Proctor and Gamble). The glands Extraction and Analysis of Polysomes were carefully disrupted by gentle pipeting to release the cytoFor radioactive labeling of RNA, C. tentans tissue culture cells were plasmic components. After 2 min incubation in Joy detergent, 10-15 grown for 2-3 days in culture medium supplemented with 20 Ci/ml l of solution was layered on top of 30 l of 4% paraformaldehyde [ 3 H]uridine (38-40 Ci/mmol; New England Nuclear). For each polyand 0.1 M sucrose in a microcentrifuge chamber containing carbonsome extract, cells from 1.5 ml of medium were washed with cold coated grids at the bottom. The grids were glow discharged to TKM, suspended in 400 l of PEB, and kept in ice for 5-7 min before render the carbon film hydrophilic. Centrifugation was performed homogenization (six strokes in a glass-tissue grinder with a looseat 4ЊC for 20 min at 20,000 ϫ g. After centrifugation, the grids were fitting pestle). The homogenate was centrifuged at 2000 ϫ g for 10 washed in 0.1 mM borate buffer and floated for 40 min at room min at 0ЊC to pellet nuclei and cell debris. The supernatant was temperature on drops of first antibody solution (20 g/ml of either immediately layered on top of a 4.6 ml gradient of 15%-40% sucrose 4F9 or anti-von Willebrand factor in 0.1 mM borate buffer containing in TKM. In some control experiments, EDTA was added to 20 mM 1% BSA). The grids were then washed in 0.01% Tween 20 in 0.1 and the extract was then kept in ice for 5 min before centrifugation. mM borate buffer (three times for 2 min) and floated on drops of In other cases, the extract was digested with 100 g/ml RNase A gold-conjugated secondary antibody (Amersham) diluted 1:50 in 0.1 (Boehringer Mannheim) for 15 min before centrifugation. CentrifugamM borate buffer containing 0.5% BSA. The grids were rinsed in tion was performed at 130,000 ϫ g for 1 hr at 0ЊC. The gradients 0.1 mM borate buffer, rinsed in water, stained in 1% uranyl acetate were collected in 18 fractions. For radioactivity measurements, 30 for 10 min, washed in water, and air dried. In some experiments, l from selected fractions was directly added to 5 ml of liquid scintilthe grids were rinsed in 0.4% Photo-Flo (Kodak) before drying. The lation cocktail (Ready-Safe; Beckman). For Western blot analysis, specimens were examined and photographed in a Jeol 100 CX fractions were pooled as indicated in Figure 5 and digested with 50 microscope.
g/ml RNase A (Boehringer Mannheim) to release the cross-linked proteins. The proteins were precipitated with TCA, washed with acetone, and suspended in SDS-PAGE sample buffer containing Microdissection of Salivary Gland Cells 5% ␤-mercaptoethanol. Gel electrophoresis and Western blotting Salivary glands were fixed in 70% ethanol for 30 min at room temperwere carried out as described above, except that detection was ature and transferred to a mixture of ethanol:glycerol (1:1) for at based on ECL Western blotting (Amersham). least 60 min. Fixed glands were then mounted in an oil chamber and stored at Ϫ20ЊC. Microdissection was carried out under phasecontrast microscopy using a de Fonbrune micromanipulator. Two Acknowledgments alternative dissection strategies were devised to obtain pure nuclear or cytoplasmic fractions (see Figure 3) . In dissection 1, pure cytoCorrespondence should be addressed to B. D. We want to thank K. Tokuyasu for generous support, expert advice on IEM, and many plasm was obtained. The whole intact nucleus with some surrounding cytoplasm was dissected out of the cell, and subsequently valuable discussions. We are grateful to L. Wieslander and J. Galli for the gift of cDNA libraries, to L. Wieslander for technical advice on the remaining, noncontaminated cytoplasm was collected. If the nucleus was broken during dissection, the cell was discarded. In microdissection methods, and to U. Skoglund for providing facilities and help for densitometric analysis of Western blots. We thank dissection 2, the cells were dissected following the inner side of the nuclear envelope. Thus, pure nuclear fractions were obtained, L. M. Fjelkestam for technical help with preparation of MAbs and
